We conducted a geometric morphometric analysis of the cellular shape in six Pseudococcomyxa strains that were isolated from different microhabitats (bark, needles, bare wood) and from different regions. The analysis was based on 14 landmarks, with 12 of them allowed to slide along their abscissae. The size differences did not correlate with ecological characteristics, but the shape descriptors analysis resulted in three distinguished groups: a pair of tropical strains, three strains isolated from spruce needles and a single strain from the fir bare wood. We propose that quantitative shape features of Coccomyxa-like algae could be used for their future phenotypic characterization.
Introduction
Morphological assessment of aero-terrestrial coccoid green algae has always been hampered by their simple cell shapes, ranging mostly from irregularly elliptical to globular, and providing few reliable features available for characterization of individual strains or taxa. The genera Coccomyxa Schmidle and Pseudococcomyxa KorSh, which belong to the most frequent algae in bark samples throughout the world, but frequently occur also in soils and in other aero-terrestrial environments (ettl & Gärtner 1995) , represent typical examples of this morphological puzzle. These genera have been distinguished by their differences in mucilage production. The genus Pseudococcomyxa differs from Coccomyxa members by producing a mucilaginous cap on the apical part of the cells instead of mucilaginous sheet covering the cell surface as a whole (KomáreK & Fott 1983) . The members of both genera have elongated, irregularly elliptical vegetative cells and they reproduce entirely by means of asexual autospores (KomáreK & Fott 1983 , hindáK 1984 . The recent molecular data indicate that members of these two genera form a single trebouxiophycean clade containing a lot of species that, however, cannot be differentiated into genera according to the traditional mucilage-production criterion (Friedl et al. 2007 ). There were about 40 taxa described within the genus Coccomyxa during the 20th century on the basis of morphological features such as cell dimensions, number of autospores or qualitative assessment of cellular shape, but only six of these were considered suitable for identification of natural populations by ettl & Gärtner (1995) . In total, three species have been described in the genus Pseudococcomyxa, but the widely defined type species P. simplex (mainx) Fott has been reported in the vast majority of floristic and diversity papers. Similarly to most other trebouxiophycean lineages, the molecular data indicate higher species diversity than was estimated using traditional morphological approaches (Friedl et al. 2007 ). However, their characterization by traditional expert-based judgement of morphology is probably nearly impossible for the lack of reliable discriminating qualitative features between individual strains.
On the other hand, the independent phenotypic evidence is certainly very important for eventual taxonomic conclusions resulting from molecular data. In this respect, we believe that recent morphometric methods can provide a promising way to deal with variable and featureless shapes of Coccomyxa and Pseudococcomyxa algae. The landmark-based geometric morphometrics, which resulted from "the morphometric revolution" of the 1990s (rohlF & marcuS 1993, adamS et al. 2004) , is currently considered probably the most powerful way of investigating variation of biological shapes (Slice 2007) . It is based on the so called Procrustes superimposition of corresponding landmarks depicted on an investigated structure. Procrustes superimposition involves removing the effects of position, rotation and size so that the resulting residual differences in coordinates of individual landmarks represent the actual shape differences between investigated objects. One of the major assets of geometric morphometrics is that it allows to model the shape changes within morphospace determined by shape characteristics of investigated set of objects including the principal trends of morphological variation or shapes characteristic of individual sub-groups representing e.g. taxa or populations within a larger data set (Zelditch et al. 2004 ). In phycology, geometric morphometrics has recently gained an increasing popularity in diatom, chrysophyte (e.g. In this study, we chose six aero-terrestrial Pseudococcomyxa strains that correspond to the widely defined type species P. simplex by traditional morphological data. We conducted the geometric morphometric analysis of the twodimensional projections of cells arranged along their longitudinal axes. We primarily asked the two following questions:
Can geometric morphometrics distinguish a)
individual strains of Coccomyxa-like algae? Is there any correlation between b) microhabitat type or locality of strain origin and its morphometric characteristics (shape, size)?
Material and methods
The six investigated strains were isolated from the following localities: the Ps-1 strain -the bark sample of a) Ehretia javanica blume, mountainous rainforest, Cibodas, West Java, altitude 1500 m.a.s.l.; the Ps-2 strain -the bark sample of b)
Cleistocalyx operculata (roxb.) merr. & perry, mountainous rainforest, Cibodas, West Java, altitude 1500 m.a.s.l.; the Ps-3 strain -the algal growth on needles of c) (Fig. 1) . Two landmarks were delimited on the apical and basal extremities of the cells. In addition, six landmarks were delimited along both the ventral and dorsal sides. These 12 landmarks were the so called semilandmarks allowed to slide along their abscissae (booksteiN 1997 (booksteiN , Zelditch et al. 2004 .
Most of the morphometric analyses were conducted using TPS software package for geometric morphometrics (rohlF 2006) and statistical analyses were done in PAST Ver. 1. 75 (hammer et al. 2001) . The individual cells were superimposed using the generalised Procrustes analysis. The size of the cells was evaluated using centroid size measure (square root of the sum of squared distances from the landmarks to their centroid), which is a standard size measure in morphometric studies. As the landmarks were regularly distributed along the outline of a cell, centroid size CS -VARshape *** CS -VAR *** shape *** Ps-5 CS *** VAR *** shape -corresponds to the area of two-dimensional projection of an analysed cell. In addition, we measured the length of all the analysed cells and related it to centroid size in order to assess their correlation. The differences in size between pairs of individual strains were evaluated using permutation t-tests (10 000 permutations). F-tests were used to assess differences in variance of size between pairs of strains. We performed the principal component analysis (PCA) of the geometric morphometric data and used the first ten PC axes for the subsequent statistical analyses. The canonical variates analysis (CVA) was used to test for and to illustrate the differences in shape between individual strains. The shape differences between all the group pairs were evaluated using the two-group permutation tests on Mahalanobis distance with 1000 permutations. In addition, the relation between morphometric shape characteristics of individual strains was illustrated by cluster analysis using UPGMA with the Euclidean distance as distance measure and Ward`s methods. The bootstrap numbers of individual nodes were assessed using 10 000 repetitions. The shape characteristics of individual groups were illustrated as thin-plate splines of the mean group configurations from the overall consensus.
Results

All the investigated strains had typical
Pseudococcomyxa simplex morphology with the elongated irregular cells, where apical and basal poles as well as the ventral and dorsal sides could be discerned (Fig. 1) . Dimensions of the cells were (4-)4.5-11.0-(13.0) × (1.8-)2.5-4.0(-6.5) µm. The length of the cells was tightly related to centroid size (r = 0.95, p = 0.001) (Fig. 2B ) and further analyses were conducted using centroid size as the unitary size measure of cells. The Ps-3 strain had the largest cells on average and this difference was significant in comparison with all the other strains, with the single exception of the Ps-5 strain ( Fig. 2A, Table 1 ). On the other hand, the Ps-2 strain clearly had the smallest cells and they were significantly different in size from all the other strains, with the exception of the Ps-6 strain ( Fig. 2A, Table 1 ). There was no clear relation between size and its variance and the locality and microhabitat type. The pair of tropical strains (Ps-1 and Ps-2) differed significantly both in size and in their variance. Similarly, the pair of the strains isolated from spruce needles in Želízy, The Czech Republic, highly significantly differed in both these measures.
When looking at the shape characteristics, we encountered a considerably different situation. The first PC axes spanned 99.2% of the total variation in the data and the CVA of these morphometric descriptors revealed highly significant shape differentiation among the strains (Wilk`s λ = 0.34, F = 4.05, p < 0.0001). The pair of the first two CV axes spanned most of the variation that discriminated the groups (CV1: 74.3%, CV2: 17.9%). Their diagram illustrated that the Ps-4 strain from Ukrainian Abies alba bare wood differed most profoundly from all the other strains (Fig. 3) . This difference was unambiguously confirmed also by pair tests on shape descriptors (Table 1) . In this case, the Ps-3 strain differed from the rest of other strains that formed a more closely similar group. The dendrograms illustrated similarity in shape between the tropical strains (Ps-1 and Ps-2) and the pair of strains isolated from Picea abies needles in Želízy, The Czech Republic (Ps-5 and Ps-6) ( Figs 2C, D) . The Ukrainian bare wood Ps-4 strain was consistently the least similar to all the other investigated strains. The thin-plate splines of group consensual configurations from the overall consensus demonstrated that the Ps-4 strain had clearly the thinnest cells (Fig. 4) . The tropical strains, however, were relatively thick and their basal pole was more rounded than in the other strains. The Ps-3, Ps-5 and Ps-6 strains isolated from spruce needles in the Kokořínsko region of the Czech Republic had the least heteropolar shape with relatively obtuse apical and basal poles. 
Discussion
Taxonomy of Coccomyxa-like green algae is confusing (ettl & gärtNer 1995 (ettl & gärtNer , kostikov et al. 2002 and the revision will certainly be based on molecular data. However, here we have shown that quantitative approaches of geometric morphometrics can undoubtedly provide a useful comparative data set. We have discovered that shape, not size, discriminates among investigated Pseudococcomyxa strains from individual localities and microhabitats. Although the size varied between strains, it did not correlate with their ecology and morphology. In contrast, morphometric descriptors clustered together the pair of tropical strains (Figs. 2C, D) and the strains isolated from spruce needles in the Czech Republic (Fig. 2D) . The single strain isolated from bare fir wood was consistently the most dissimilar from all the other strains. We should note that even those morphological differences between the pairs of strains that proved highly significant in statistical testing (Table 1) were so minute that they would probably be indiscernible "by eye" in traditional qualitative morphological evaluation. The discriminating morphological characteristics of individual strains depicted in Figure 4 were three times magnified in order to make them clearly visible. We believe that geometric morphometric analysis of cellular outlines of unicellular green algae provides useful information on their morphological differentiation. Similarly as in Coccomyxa-like algae, this type of morphometric assessment can be conducted in several other algal lineages with variable cellular outlines such as the trebouxiophycean genera Choricystis, Koliella, Nannochloris, chlorophycean genera Chlorolobion or Scenedesmus or in some unicellular eustigmatophycean algae (e.g. Monodopsis, Pseudocharaciopsis). In these organisms, geometric morphometrics can certainly become a standard method of phenotypic assessment of strains in the future.
